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Abstract - Static batch experiments were used to examine the sorption of dissolved perrhenate 
[Re(VIl)], as a surrogate for pertechnetate pc(Vll)], on corrosion products of A-516 carbon steel 
coupons contacted with synthetic groundwater or dilute water. Afier IO9 days of contact time, the 
concentration of dissolved Re(V1l) in the synthetic groundwater matrix decreased by 
approximately 26%; the dilute water matrix experienced a 99% decrease in dissolved Re(VII) over 
the same time period. Bulk x-ray diffraction (XRLI) results for the corroded steel coupons showed 
that the corrosion products consisted primarily of maghemite, lepidocrocite, and goethite. 
Analyses of the coupons by scanning electron microscopy/energy dispersive spectroscopy 
(SEM/EDS) indicated that Re was present with the morphologically complex assemblages of Fe 
oxide/hydroxide corrosion products for samples spiked with the highest dissolved Re(VII) 
concentration (I  .O mmol/L) used for these experiments. Analyses of corroded steel coupons 
contacted with solutions containing 1.0 mrnoNL Re(VIl) by synchrotron-based methods confirmed 
the presence of Re sorbed with the corrosion product on the steel coupons. Analyses showed that 
the Re sorbed on these corroded coupons was in the +7 oxidation state, suggesting that the 
Rep14 uptake mechanism did not involve reduction of Re to a lower oxidation state, such as +4. 
The results of our studies using Re(V1l) as an analogue for 99Tc(vlI) suggest that 99Tc(VII) would 
also be sorbed with steel corrosion products and that the inventory of 99Tc(Vll) released from 
breached waste packages would be lower than what is now conservatively estimated. 
I. INTRODUCTION 
The Office of Civilian Radioactive Waste 
Management (OCRWM) in the U.S Department of 
Energy (DOE) is responsible for developing a federal 
system to dispose of spent nuclear fuel from commercial 
nuclear reactors. For two decades, the OCRWM has 
studied Yucca Mountain in Nevada to determine its 
suitability as a geological repository for high-level 
nuclear waste. Current performance assessments predict 
that if waste packages containing spent nuclear fuel are 
breached, 99Tc will be one of the primary isotopes critical 
to the predicted dose for the health and safety 
performance of the Yucca Mountain Site over the first 
50,000 years. Dose was treated conservatively in the total 
system performance assessment supporting the 2002 site 
recommendation, and the conditions associated with the 
surrounding corrosion product in waste packages were 
conservatively assumed to retain ambient oxidizing 
conditions [ 11. Moreover, uptake of 99Tc onto corroding 
waste packages was not included. 
Reduction of redox-sensitive radionuclides, such as 
99Tc, can occur by surface-mediated, heterogeneous 
reduction/sorption reactions on Fe(0)- or Fe(I1)- 
containing solids. The surface-mediated heterogeneous 
reduction of Tc(VI1) to Tc(IV) by electron transfer from 
Fe(I1)-containing minerals has been studied [2,3,4]. 
However, this process has not been studied with respect to 
uptake of Tc(VI1) by Fe oxides as they form during 
corrosion of metals under oxic conditions. For Tc, this 
process involves a series of electron transfer reactions 
resulting in the 1) oxidation of Fe(0) or Fe(I1) to Fe(11I) 
and the ensuing formation of Fe(II1)-oxide surface 
coatings, and 2) the reduction of highly mobile Tc(VI1) to 
a less soluble, lower valence state [Tc(IV)]. Under most 
pH conditions, the solubility of the Tc(IV) species is so 
low that Tc precipitates as either sparingly soluble, 
amorphous TcO2.nH20 and/or possibly as a mixed 
Tc(IV)/Fe(III) oxide co-precipitate. Due to the thermo- 
dynamic stability of Fe(II1) oxides, some co-precipitation 
of Tc as a mixed Tc(IV)/Fe(III) oxide may be irreversible 
in waste package and environmental systems. 
The overall objective of our research is to 
characterize the reactions that affect the sequestration and 
release of 99Tc by Fe oxidehydroxide solids that 
precipitate during corrosion of Fe-based materials used in 
the waste package, such as A-5 16 carbon steel used in the 
fuel basket. Initial testing was completed using solutions 
spiked with perrhenate [Re(Vll)] as a surrogate for 
pertechnetate [Tc(VII)]. Rhenium is considered an 
analogue for Tc due to the similarities of their 
chemistries. The first ionization potentials and atomic 
radii for Re and Tc are similar, and +7 and +4 are their 
most stable oxidation states. In oxic aqueous systems, 
R e 0 i  and TcOi are their predominant ionic forms, which 
as anions, are very mobile in most environmental systems. 
The Re(VI1)-spiked experiments were completed first to 
refine test procedures, sample preparation, and analysis 
methods without restrictions from handling radioactive 
materials or the added costs of radioactive waste disposal. 
99Tc(VII)-spiked experiments and characterization studies 
similar to those described below are currently in progress. 
Results from our studies will provide information 
about the mechanism(s) that control the uptake and extent 
of reversibility of ”Tc sorption’ onto and off steel 
corrosion products. This information is essential to 
understanding the fate of ”Tc in the repository 
environment. This in turn will allow the development of 
less pessimistic models for the prediction of the nominal 
dose contributions from ”Tc. 
11. EXPERIMENTAL DETAILS 
Batch reaction experiments at room temperature 
under oxic conditions were completed to examine the 
sorption of dissolved Re(VI1) on corrosion products of A- 
516 carbon steel coupons reacted with synthetic 5-13 
groundwater’ or dilute (tap) water spiked with 0, 0.001 
(0.186 ppm), and 1 .O mmol/L (1.86~ 1O4 ppm) dissolved 
Re(VI1). The composition of the synthetic 5-13 ground- 
water approximates that of water from supply well No. 
5-13 near Yucca Mountain. The composition of water 
from well No. J-13 (Table I) [5] is a dilute Na-HC03-C03 
groundwater which is considered a possible proxy for the 
composition of perched waters at Yucca Mountain [5,6,7]. 
Dilute (tap) water (Table I) was used for initial testing to 
represent the other limit in the range of compositions for 
water that might intrude and react with the waste package. 
’ 
Test vials were sampled after 30 and 109 days, and 
the resulting solutions and reacted coupons were removed 
for analysis and characterization. The solution samples 
were analyzed for pH, major cations and some trace 
metals by inductively coupled plasma-atomic emission 
I Throughout this manuscript, “sorption” will be 
used as a generic term devoid of mechanism when it is 
not possible to determine indisputably if the uptake 
mechanism is surface adsorption and/or co-precipitation 
(i.e., structural absorption). 
by James L. Krumhansl (Sandia National Laboratories, 
Albuquerque, NM). 
’ Recipe for the synthetic J- 13 groundwater provided 
spectrometry (ICP-AES), and trace metals and Re by 
inductively coupled plasma-mass spectrometry (ICP-MS). 
TABLE I. 
Compositions for Water from Supply Well No. J-13 
near Yucca Mountain [5] and Laboratory 
Dilute (Tap) Water 
5-13 Well Dilute (Tap) 
Water Water 
PH 7.4 I 7.43 
----------------- (mg/L) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Na+ 45.8 2.37 
K+ 5.04 0.561 
1 Ca’+ 13.0 19.8 
NO3‘ I 8.78 1. 0.48 I 
F- I 2.18 I ND’ I 
I NM - Indicates the analyte was not measured. 
’ ND - Indicates the analyte was not detected or 
less than the quantification limit of the instrument. . 
The corroded steel coupons were rinsed several times 
with their respective Re-free starting solutions prior to 
storage and characterization. The corroded steel coupons 
and solids filtered from 30- and 109-day solution samples 
were characterized by x-ray diffraction (XRD) and 
scanning electron microscopy (SEM) in conjunction with 
energy dispersive spectroscopy (EDS) to identify the Fe 
corrosion products and extent of sorbed Re. Standard 
bulk powder XRD techniques were used to identifL the 
crystalline phases present in corrosion product samples. 
Each sample was analyzed using a Scintag XRD unit 
equipped with a Peltier thermoelectrically-cooled detector 
and a copper x-ray tube. The diffractometer was operated 
at 45 kV and 40 mA. XRD scans were collected 
electronically and processed using the JADE@ XRD 
pattern-processing software. Crystalline phases were 
identified by comparison of the background-subtracted 
XRD patterns for the corrosion product samples to the 
powder diffraction files (PDFTM) published by the Joint 
Committee on Powder Diffraction Standards (JCPDS) 
International Center for Diffraction Data (ICDD). 
A JEOL JSM 840 SEM was used for high- 
resolution imaging of the morphologies and compositions 
of phases present on corroded steel coupons and in the 

TABLE I1 
Initial 
Re(V11) Spike 
(rnmolL) - 
Analyses of pH and Dissolved Re, Ca, and Si in Solution Samples at 0,30, and 109 Days 
Time 
(days) 
rype of Solution 
0.001 
1 .o 
0.00 1 
1 .o 
Dilute Water 
0 
30 
109 
0 
30 
I09 
0 
30 
109 
0 
30 
109 
5-13 Water 
7.58 hO.10 
6.97k0.10 
7.16 kO.10 
8.78 kO.10 
8.04 kO.10 
8.81 kO.10 
8.70 ko.10 
7.90 kO.10 
9.00 *0.10 
189,000 k756 20,600 k489 1,770 k4.32 
121,000 *I201 3,166 h113 ND 
1,730 k93.7 480 k65.9 ND 
186 *0.744 2,820 *7.90 12,900 h4.72 
33.8 k0.237 1,710 k68.5 ND 
ND ND 
163,000 h1060 1,510 *80.2 ND 
139,000 +1250 ND ND 
7.61 k0.134 
187,000 k2340 2,400 *52.0 13,000 *85.3 
Concentrations of Re are reported as total Re and are the average of the values from the ICP-MS analyses of 
Uncertainties listed for concentrations of dissolved Re, Ca, and Si are one standard deviation for the three 
I 
'"Re and Ia7Re. 
replicate analyses made for each solution sample. Uncertainties listed for pH measurements are based on the 
measurement procedure and pH standards. 
ND - Indicates the analyte was not detected or less than the quantification limit of the instrument. 
oxide/hydroxide phases differed slightly for different 
experimental conditions and between the filter versus 
groundwater spiked with 1 .O mmolL Re(VI1). The Re 
concentration calculated by the Oxford INCA EDS 
coupon samples. The XRD analysis of corrosion products 
in the filter and steel-coupon samples did not identify any 
solids containing Re, Ca, or Si. 
Analyses of the corroded steel coupons by SEMEDS 
indicated that the corrosion products on the steel coupons 
reacted in synthetic groundwater or dilute waters at 30 
and I09 days consisted of morphologically complex 
assemblages of Fe oxidehydroxide solids. Fig. 2 shows 
SEM secondary-electron micrographs of a pristine A-5 16 
carbon steel coupon (Fig. 2A) and of typical mor- 
phologies of Fe oxidehydroxide solids that precipitated 
on the corroded steel coupons (Fig. 2B to 2F). Analyses 
in progress by pXRD will help identify the specific Fe 
oxidehydroxide phases that form the different 
morphologies of corrosion products observed by SEM. 
The EDS analyses of the corroded coupons reacted 
for 30 and I09 days showed that Re was present with the 
corrosion products for solutions spiked with 1 .O mmolL 
Re(VI1). Fig. 3 shows a typical EDS spectrum for an area 
on a steel coupon that was reacted in synthetic 5-13 
software system for the EDS spectra shown in Fig 3 is 
about 8 wt.%. For five EDS analyses collected in 
different locations in the sample area shown in Fig. 3, the 
calculated Re concentrations range from approximately 3 
to 8 wt.% Similar EDS results were obtained for the 
coupons reacted for 30 and 109 days with dilute water 
spiked with 1.0 mmolL Re(VI1). Because the reacted 
coupons were rinsed several times with their respective 
Re-free starting solutions prior to storage and SEWEDS 
analysis, the Re associated with the corrosion products is 
likely not surface adsorbed and is currently assumed to be 
co-precipitated with the corrosion products. EDS 
analyses did not detect sorption of Re by corrosion 
products that precipitated on steel coupons reacted in 
solutions spiked with 0.001 mmol/L Re(VI1). Because 
ICP-MS analyses showed that the concentrations of 
dissolved Re in the 30- and 109-day synthetic ground- 
water and dilute water samples decreased from their 
initial concentrations of 0.001 mmolL, Re uptake 
occurred but the concentrations of Re sorbed in corrosion 
products from the experiments spiked with 0.001 mmolL 
Re(VI1) were likely too low to be detected by EDS. 
nv- 
I 
L I 
I 
I 
I 
- 1  
I I : 
Storage Investigations,” UCRL-ID-2 1867: Lawrence 
Livermore National Laboratory, Livermore, 
California (1990). 
6. N. D. ROSENBERG, G. E. GDOWSKI, and 
K. G. KNAUSS, ”Evaporative Chemical Evolution of 
Natural Waters at Yucca Mountain, Nevada,” Appl. 
Geochem., 16, 1231 (2001). 
W. RUNDE, S. D. CONRADSON, D. W. EFURD, 
N. P. LU, C. E. VANPELT, and C. D. TAIT, 
“Solubility and Sorption of Redox-Sensitive 
Radionuclides (Np, Pu) in J- 13 Water from the 
Yucca Mountain Site: Comparison Between 
Experiments and Theory,” Appl. Geochem., 17,837 
(2002). 
7. 
8. S. M. HEALD, D. L. BREWE, E. A. STERN, 
K. H. KIM, F. C. BROWN, D. T. JIANG, 
E. D. CROZIER, and R. A. GORDON, “XAFS and 
Micro-XAFS at the PNC-CAT Beamlines,” J. 
Synchrotron Rad., 6,347 (1999). 
S .  HEALD, E. STERN, D. BREWE, R. GORDON, 
D. CROZIER, D. JIANG, and J. CROSS, “XAFS at 
the Pacific Northwest Consortium-Collaborative 
Access Team Undulator Beamline,” J. Synchrotron 
Rad., 8, Part 2,342 (2001). 
10. B. RAVEL and M. NEWVILLE, “ATHENA, 
ARTEMIS, HEPHAESTUS: Data Analysis for X-ray 
Absorption Spectroscopy Using IFEFFIT ,” 
J. Synchrotron Rad., 12, Part 4, 537 (2005). 
9. 
